This paper describes the enrichment of hydrothermally altered volcanic and sedimentary rocks with arsenic (As) and lead (Pb), and the effects of pyrite and calcite on the mobilities and release mechanisms of these toxic elements under oxic and anoxic conditions. Enrichment of the altered rock with As and Pb predominantly occurred in precipitated pyrite grains and not on the alumino-silicate minerals making up the matrix of the rock. Arsenic was incorporated in pyrite grains formed during alteration in both volcanic and sedimentary rocks, but Pb was only found in the pyrite grains of the volcanic rock samples. When in contact with water, altered volcanic rocks had acidic pH while altered sedimentary rocks had alkaline pH. The mobilities of both As and Pb from the altered rocks were enhanced at acidic and alkaline pH and a minimum was observed in the circumneutral pH under both oxic and anoxic conditions. The absence of O 2 retarded the oxidation of pyrite most notably in the alkaline region but not in the acidic and circumneutral pH. The absence of CO 2 increased the pH of samples with significant calcite content but did not affect those containing substantial amounts of pyrite. Increasing the CO 2 also had insignificant effect on the concentrations of As and Pb in the leachate. The mechanisms controlling the mobilization of As and Pb from these rocks like dissolution of soluble secondary minerals, pyrite oxidation and adsorption were all related to pyrite while the pH of the rock when in contact with water was controlled by pyrite and calcite. Thus, excavated waste rocks that have been altered can be grouped based on the relative abundance of pyrite and calcite and their pH when in contact with water.
Introduction
Arsenic (As) and lead (Pb) are elements well known for their toxicity when ingested, inhaled or absorbed through the skin. Arsenic-contaminated groundwater used for drinking and cooking is the cause of health problems such as keratosis and cancers reported in Bangladesh and the West Bengal area of India (Acharyya et al., 2000; Akai et al., 2004; Burgess et al., 2010; Das et al., 1996; Dowling et al., 2002; Nickson et al., 2000) . Although the source of contamination is believed to be natural, cases elsewhere such as those reported in Thailand, Ghana and some areas of the United States were due to the improper disposal of contaminated soil or rock from mining activities (Bowell, 1993; Choprapawon and Rodcline, 1997; Welch et al., 1999; Williams, 1997) . Lead contaminations of soils have also been reported mostly from firing ranges and mining areas (Dermatas et al., 2006; Rabinowitz, 2005) . Chronic Pb poisoning causes paralysis of the peripheral motor nerves, anemia, kidney damage, abnormal fetal development, and abnormal neurological development and function (Hammond, 1977; Moore and Goldberg, 1985; Sengupta, 2002) . Because of this, extensive studies have been made to understand the sources, speciation, mobilization and remediation of these toxic elements especially in soils and groundwater (Brannon and Patrick, 1987; Lowers et al., 2007; Moore et al., 1988; O'Day et al., 2004; Peters and Blum, 2003; Savage et al., 2000; Smedley and Kinniburgh, 2002) .
Among the known sources of As and Pb, hydrothermally altered rocks are important especially in active volcanic regions like Japan. These rocks are enriched with metals like Pb, chromium (Cr), copper (Cu), gold (Au) and silver (Ag) due to the action of hydrothermal solutions/fluids. Hydrothermal solutions/fluids containing solutes derived from magmatic water or from the wall rock migrate upward and the changes in equilibrium with space and time allow the deposition of these solutes (Pirajno, 2009) . Hydrothermally altered rocks have been extensively studied 3 especially in the context of ore formation, metal enrichment, and mineralization (Aiuppa et al., 2006; Allen and Hahn, 1994; Franzson et al., 2008; Halbach et al., 1993; Horton et al., 2001; Huston et al., 1995; Marques et al., 2010; Martin-Crespo et al., 2004; Ostwald and England, 1977; Pokrovski et al., 2007) , but very few have investigated the potential leaching of toxic elements from these rocks when exposed to the environment.
We have been studying in detail the mobilities of As and Pb from these high-volume and lowcontent sources with the primary goal of developing an alternative method for their disposal.
Special landfills are currently used, but this is very expensive and unsustainable due to the large volume of rocks excavated that other methods should be explored. One of the biggest challenges encountered in the design of an alternative disposal method is to establish a simple but robust classification scheme for these excavated altered rocks. This is of primary importance because of their complex properties and large spatial variations in chemistry and mineralogy caused by hydrothermal alteration. The number of potentially toxic elements in these rocks is also variable, that is, other harmful elements like chromium (Cr), selenium (Se) and boron (B) are also found together with As and Pb in some excavated rocks. Moreover, the leaching behaviors of these toxic elements differ from each other even under the same geochemical conditions so that classifying these rocks based on their properties and leaching behaviors would maximize the efficiency of countermeasures incorporated in the design of the new disposal method. Developing this scheme requires the evaluation of processes involved in the enrichment of the altered rocks with respect to the toxic elements and the mechanisms controlling their mobilization from different kinds of altered rocks. Our previous papers showed that the mechanisms controlling the release of As and Pb from altered rocks were largely dependent on the pH and oxidation-reduction potential (Eh) similar to their observed behaviors in contaminated soils and groundwater (Igarashi et al, 2008; Tabelin and Igarashi, 2009; Tabelin et al., 2010; Tabelin et al., 2012a) .
The samples used in our previous paper (Tabelin and Igarashi, 2009 ) were all taken from borehole cores of a single tunnel project. In contrast, the samples used in this study were collected not only from borehole cores but also from the bulk excavated rocks of several tunnel projects.
Moreover, our previous publications did not address the following issues: the important minerals incorporating As and Pb in altered rocks, comparison of the leaching behavior and release mechanisms of borehole core and bulk excavated rock samples under oxic conditions, the leaching behavior and release mechanisms of As and Pb under anoxic conditions in the entire pH range, the individual effects of O 2 and CO 2 on As and Pb leaching, and the influence of minor minerals like pyrite and calcite on the mobilization of these toxic elements from altered rocks. All of these issues were elucidated in this study and the collected data were used to develop a classification scheme to group excavated rocks based on their chemical and mineralogical properties as well as the dominant release mechanisms of As and Pb.
Materials and methods

Materials
Hydrothermally altered volcanic and sedimentary rock samples used in this study were obtained from tunnel projects around the island of Hokkaido, Japan. Altered andesite and tuff were collected from a former gold mine with epithermal gold-silver-copper deposit (location: Teine, Sapporo City) (Tabelin and Igarashi, 2009; Tatsuhara et al., 2012) while the altered sedimentary rock samples were obtained from two different tunnel projects for roads: one was mainly slate hosting silicified veins located in the town of Kamikawa (Tabelin et al., 2012a) and the other was composed of mudstone and sandstone with mild alteration from the town of Honbetsu near Obihiro City (Tabelin et al., 2012b) . Details of the tunnel projects and a brief geological history of the samples are summarized in Table 1 . Borehole core samples were collected by diamond core drilling prior to the blasting of the tunnel while bulk excavated rocks were sampled from interim storage sites that had been exposed to the atmosphere for ca. 6 months. Samples collected from the bulk excavated rock were air dried, coarsely crushed and sieved while those from the borehole cores were directly crushed and sieved (<2 mm). Samples taken from the <2 mm fraction were further ground to <50 μm in preparation for the chemical and mineralogical analyses. Polished thin sections of the rock samples were also prepared for the microscopic, SEM-EDS and EPMA analyses.
Chemical and mineralogical analyses of the rock samples
The bulk chemical composition and mineral constituents of the rock samples were determined using X-ray fluorescence spectrometry (SPECTRO XEPOS, Rigaku Corporation, Japan) and X-ray diffraction spectrometry (MULTIFLEX, Rigaku Corporation, Japan), respectively. Both analyses were done using pressed powders of the sample. Loss on ignition (LOI) was measured by heating the samples (<2mm) inside a furnace for 1 hour at 750 0 C after oven drying at 110 0 C for 24 hours.
Light and electron microscopes were used to examine the properties of pyrite crystals found in the altered rocks. Polarized and reflected light microscopes (open and crossed Nicols) were used to analyze the kind of alteration that had affected the rocks. A scanning electron microscope (SEM) was further used to investigate the crystal morphology of pyrite grains found in the rock. The SEM also has energy dispersive X-ray fluorescence spectrometry (EDS) capabilities and was used to take elemental maps of rock surfaces (SSX-550, Shimadzu Corporation, Japan). The SEM was operated using a 30.0 kV accelerating voltage while the EDS maps were taken at 13,000 cps with 1000 ms time constant. An electron probe micro analyzer (EPMA) (JEOL Corporation, Japan) was utilized 6 to measure the relative abundance of As and Pb in pyrite. All EPMA analyses were conducted using a 2.0 x 10 -8 A, 15 kV primary electron beam and ZAF correction was utilized for the quantification of trace elements. Iron (Fe), sulfur (S), As and Pb concentrations were quantified using peak counting times of 20 s for Fe and S, and 30 s for As and Pb. Background counting times of 5 s were used for Fe and S while background counting times of 10 s were used for As and Pb. Lα X-ray lines were analyzed for As, Kα X-ray lines for Fe and S, and Mα X-ray lines for Pb. The detection limit of the EPMA using the above conditions is 100 ppm (0.01wt%).
Batch leaching experiments
Batch leaching experiments were conducted under oxic (i.e., ambient) and anoxic (i.e., inside a glove box) conditions by mixing 15 grams of sample (<2 mm) and 150 ml of prepared leachants.
Hydrochloric acid (HCl) and sodium hydroxide (NaOH) solutions of varying concentrations were used as leachants. Deionized water (18 MΩ·cm) used in the preparation of the leachants was obtained from a Millipore Milli-Rx 12α system (Millipore Corporation, USA). Triplicate leaching experiments were done for samples SR1 and VR4 under oxic conditions using deionized water as leachant to estimate deviations of the leachate chemistry due to the heterogeneity of the crushed rock samples. Two kinds of anoxic experiments were conducted: one was under pure argon (Ar) gas and the other under mixed CO 2 and Ar gases. In the anoxic experiments under pure Ar gas, the pH of the leachants was adjusted using reagent grade NaOH or HCl solution. On the other hand, only deionized water was used as leachant under mixed CO 2 and Ar gases (i.e., 1, 3 or 30% of CO 2 gas with Ar gas as the remainder). To ensure that truly anoxic conditions exist in these experiments, leachant solutions were left in the glove box for ca. 10 minutes while the vacuum pump was still running. This resulted in the "boiling" of the solution and expulsion of dissolved gases. Also, dissolved O 2 (DO) was monitored prior to the anoxic experiments using an oxygen probe (Water 7 checker IWC-5, Sansyo Corporation, Taiwan) and were always 0% DO. Anoxic leaching experiments were conducted under different gas compositions to identify the individual effects of O 2 and CO 2 on the mobilities of As and Pb from the rock. In all of the leaching experiments, mixing was done at 120 rpm using a reciprocal shaker. The pH and Eh of the suspensions were measured after 24 hours followed by filtration through 0.45 µm Millex ® sterile membrane filters (Millipore Corporation, USA). Filtrates collected were then analyzed for their toxic and major elements concentrations. The mixing time was fixed at 24 hours based on the study of Igarashi et al. (2008) , which showed that apparent equilibrium was reached after 1 day of leaching for hydrothermally altered crushed rocks.
Chemical analysis of the leachate
The chemical analysis of the leachates was carried out using an inductively coupled plasma atomic emission spectrometer (ICP-AES) (ICPE-9000, Shimadzu Corporation, Japan). Arsenic concentrations less than 0.1 mg/L were analyzed using the hydride generation process coupled with the ICP-AES. In preparation for the hydride generation analysis, 30 ml of leachate was mixed with 15 ml of 12 M HCl, 2 ml of 20% potassium iodide (KI) solution, 1 ml of 10% ascorbic acid solution and diluted with deionized water to 50 ml. All chemicals used in the preparation and analysis were reagent grade. Lead concentrations less than 0.1 mg/L were analyzed using an ultrasonic aerosol generator connected to the ICP-AES. The concentrations of other coexisting ions (e.g., Ca 2+ and Fe) were also analyzed using ICP-AES including SO 4 2-, which was the major species of S found in the leachate using anion chromatography (ICS -90, Dionex Corporation, USA). The standard ICP-AES method (i.e., without attachment) has a margin of error of ca. 2 -3% while the more sensitive hydride generation process and ultrasonic aerosol generator have uncertainties of ca. 5%. The detection limits of the standard ICP-AES method for Ca, Fe, S, Pb, As, Al and Si are approximately 8 0.1, 2, 0.02, 9, 40, 20 and 4 µg/L, respectively. The hydride generation method for As has a detection limit of 0.1 µg/L while the ultrasonic aerosol generator attachment has a detection limit of 1 µg/L.
Geochemical modeling
Thermodynamic calculations using geochemical models in conjunction with our experimental results could provide additional insights into the processes occurring in a rock-water-air system under equilibrium conditions. PHREEQC (Parkhurst and Apello, 1998 ) was used to calculate the saturation indices of several minerals important in the mobilization of As and Pb like Fe and Aloxyhydroxides/oxides, carbonates and sulfates. It was also used to simulate ideal systems composed of one or more of the following minerals: calcite (CaCO 3 ), pyrite (FeS 2 ), gypsum (CaSO 4 ·2H 2 O) and melanterite (FeSO 4 ·7H 2 O). In these simulations, the amounts of calcite and/or pyrite were assumed from their relative abundance in the rock (XRD results). For example, when calcite is present as a minor mineral and pyrite as a trace mineral the assumed amounts are 10 and 1 mol, respectively. Gypsum and melanterite were selected as representative soluble Ca and Fe-sulfates, respectively. In addition, PHREEQC was also used to simulate the effects of O 2 and CO 2 on the leachate chemistry of an ideal system of calcite-pyrite-soluble Ca and Fe-sulfates. Moreover, the RXN program of the Geochemist's workbench ® (Bethke, 1992) was used to evaluate changes in the precipitation of Fe-oxyhydroxides and oxides with or without O 2 . Precipitation reactions without O 2 were calculated using N 2 in place of Ar because the aforementioned geochemical model did not include Ar gas used in this study.
Results
Sample Characterization 9
The bulk chemical compositions of the altered rock samples are summarized in Table 2 . This table shows that altered andesite and tuff from the Teine deposit have S contents greater than 1 wt% and As contents greater than 100 ppm, which is ca. 100 times higher than the average As content of igneous rocks (average As content of igneous rocks is ca. 1.5 ppm (Ure and Berrow, 1982) ). In the altered sedimentary rocks, S and As contents are less than 0.5 wt% and 24 ppm, respectively and are significantly lower than those found in the altered volcanic rocks. Lead content is also high in the altered volcanic rock samples (>100 ppm), but was not detected in the altered sedimentary rock samples. Although both kinds of altered rocks are predominantly composed of silicate minerals (i.e., quartz and/or feldspar), the altered volcanic rock samples contain pyrite as a minor mineral while the altered sedimentary rock samples have calcite as a minor mineral (Table 3 ). Galena (PbS) was only detected as a trace mineral in one of the altered volcanic rock samples (VR3).
Hydrothermal alteration of the sedimentary and volcanic rocks
Fractures running through the rock (sample SR3) and the changes that happened on the rock grains located along these fractures are clearly visible in Figure 1 . Also, this figure shows pyrites formed inside and outside the fractured zone. Pyrite grains located outside the fractured zone were formed inside the calcified remains of a marine protozoan known as foraminifer ( Figure 2 ). The crystals inside the calcareous protozoan shell are botryoidal (i.e., globular external form resembling a bunch of grapes) with surfaces bounded by the foraminifer shell. On the other hand, smectite and illite are observed inside the fractured zone together with pyrite as illustrated in Figure 3 . The morphology of pyrite located in the fractured area is framboidal with its distinct spherical equi-granular micro crystals of ca. 2 µm diameter that are closely packed together (Figure 3(b) ). Our EPMA results
show that this framboidal pyrite has incorporated As amounting to as much as 0.13 wt% (1,300 ppm) while those formed inside the foraminifer shell did not have measurable amounts of As in the crystal ( Table 4 ). The amounts of Pb in pyrite grains formed inside and outside the fractured zone were all less than the detection limit of the EPMA (Table 4) . Also, illite and smectite surrounding the pyrite grains inside the fractured area have measurable amounts of As and Pb (Table 4 ).
Evidences of alteration were also observed in the altered volcanic rock samples as illustrated in Figure 4 (a). Several altered plagioclase grains are visible together with alteration products like illite and pyrite. Pyrite crystals found in the altered volcanic rock samples have angles characteristic of hexagonal, cubic, or pyritohedron morphologies, but their complete shapes were not visible because the samples used were polished sections ( Figure 4(b) ). The SEM-EDS maps of one of these crystals ( Figure 5 ) indicate that As is preferentially distributed into pyrite and not with the surrounding alumino-silicate minerals. It was also observed that the relative abundance of As in pyrite was higher around growth areas ( Figure 5 (c)). In Figure 5 , the pictured pyrite grain is located on "top" of the alumino-silicate minerals, therefore the silicon (Si) and aluminum (Al) present inside the pyrite grain is probably a result of over-polishing and not an integral part of the pyrite crystal. The relative abundance of As and Pb in pyrite found in the altered volcanic rock are summarized in Table 5 . The average As content of pyrite found in these rock samples is 2,800 ppm with an observed range of <100 ppm to over 10,000 ppm. On the other hand, the average Pb content is 1,300 ppm with a range of <100 to 2,600 ppm. Statistical analysis (F-and T-tests) showed that there were insignificant differences in the As content of pyrites found in altered volcanic and sedimentary rocks. Similarly, statistically significant differences in the As content of pyrites from VR1, VR2 and VR3 were not observed. In terms of the Pb content of pyrites, there were no statistical differences between the various volcanic rocks used in this study. Unfortunately, a similar statistical comparison of the Pb content of pyrites depending on rock type could not be made because of the 11 very low Pb content of pyrites found in altered sedimentary rock (Note: Details of the statistical analysis are provided as supplementary tables).
Effects of O 2 and CO 2 on arsenic and lead leaching
Triplicate leaching experiments of samples SR1 (altered sedimentary rock) and VR4 (altered volcanic rock) show that the standard deviations in pH values and concentrations of As, Ca 2+ , SO 4 2and Fe were all very low (Tables 6 and 7) , which indicate that experimental errors associated with the heterogeneity of the altered rocks were negligible and the samples were properly and adequately homogenized. The leachate chemistry of the altered rock samples without pH adjustment is summarized in Table 8 . Altered rocks containing pyrite as a minor mineral (all of the altered volcanic rock samples) had acidic leachate pH while those with calcite as a minor mineral (all of the altered sedimentary rocks) had alkaline pH. The concentrations of As in the leachate of altered volcanic rock samples were higher (45.4 -195 µg/L) than those from the altered sedimentary rocks (17.3 -28.3µg/L). The altered volcanic rocks also leached out Pb amounting to as much as 2.12 mg/L. In the altered volcanic rocks, the leachate of the sample taken from the bulk waste (VR4) had lower pH and significantly higher concentrations of Fe and SO 4 2than the borehole core samples (VR1, VR2 and VR3). A similar trend was also observed in the leachate concentrations of Fe and SO 4 2from borehole core (SR 2) and bulk (SR 1) samples of the altered sedimentary rock. Table 9 illustrates the changes in the leachate chemistry of the altered volcanic rock as a function of gas composition. The pH of the leachate did not change dramatically with or without O 2 and CO 2 , but the mobilization of As was enhanced from ca. 12 μg/L without O 2 to 102 µg/L with O 2 . This eight-fold increase in As concentration was accompanied by significant increases in the Fe and SO 4 2concentrations in the leachate (Table 7) . In contrast, significant variations in Pb concentrations with changing O 2 and CO 2 compositions were not observed in the leachate of the altered volcanic rock. The leachate pH of altered sedimentary rock samples containing calcite was dependent on CO 2 as illustrated in Table 10 . Increasing the amount of CO 2 from 0 to 30% dramatically decreased the pH from 9.2 to 6.1 accompanied by a significant increase in Ca 2+ concentration. However, the highest concentration of As in the leachate was observed under oxic conditions when both O 2 and CO 2 are present and not at higher CO 2 values.
Effects of pH on arsenic and lead leaching under oxic conditions
The leaching behavior of As in altered volcanic and sedimentary rocks across the entire pH range under oxic conditions is illustrated in Figure 6 . The results show similar leaching behaviors in both altered rocks, that is, more As were released under alkaline and acidic conditions with minimum in the circumneutral pH range (6 -8) and were consistent with our earlier published works (Tabelin and Igarashi, 2009; Tabelin et al., 2010) . With pH variation, leachates from the borehole core samples of the altered volcanic rock (VR1, VR2 and VR3) had higher concentrations of As than the bulk excavated rock samples (VR4) especially around the acidic and alkaline pH range ( Figure   6 (a)). In contrast, As concentrations in leachates from borehole core of the altered sedimentary rock (SR2) were lower than those collected from the bulk rock (SR1) in the acidic and alkaline pH range ( Figure 6(b) ). In the acidic region, concentrations of As in the leachates of altered volcanic and sedimentary rock samples were found around a similar range of values (altered sedimentary rocks:
60 -400 µg/L; altered volcanic rocks: 100 -700 µg/L). Strong positive (R > 0.90) and statistically significant (p < 0.05) correlations in the concentrations of Ca 2+ , Fe and As in both types of altered rocks were also observed under these conditions. In the alkaline region, concentrations of As in the leachates of the altered volcanic rocks were in the range of ca. 500 -3000 µg/L, which were more than 20 times higher in comparison to those observed in the altered sedimentary rock samples (range: 20 -150 µg/L). The SO 4 2curves of the altered volcanic rock increased with increasing pH similar to that of pure pyrite while those of the sedimentary rock samples decreased with pH ( Figure 7 ). Moreover, SO 4 2concentrations in the leachate of altered volcanic rocks were more than 10 times higher than those from the altered sedimentary rocks. Figure 8 illustrates that the leaching behavior of Pb is also enhanced in the acidic and alkaline pH regions with minimum at the circumneutral pH range. However, the amount of Pb leached out appears to be more significant in the acidic than the alkaline region since as much as 2.39 mg/L of Pb was released at pH 2.6. Although the amount of Pb in the alkaline region was lower, it still amounted to 0.23 mg/L at pH 12. Also, Pb concentrations of leachates from the bulk rock were higher in the acidic region and slightly lower in the alkaline region than those from the borehole core samples. Similar to As, strong positive correlations (R > 0.94) that were statistically significant (p < 0.025) also existed between Ca 2+ , Fe and Pb in the acidic region. Unfortunately, only altered volcanic rocks have significant concentrations of Pb so that a comparison of its leaching behavior depending on the type of rock could not be made. However, between pH 4 -6, the concentration of Pb in the leachate was conspicuously higher under anoxic condition. In this pH region, Fe concentrations were also significantly higher under anoxic than oxic conditions, which is identical to those observed with Pb ( Figure 10(a) ). The leaching behavior of As from altered sedimentary rocks under anoxic condition had the same U-shaped curve observed under oxic conditions as illustrated in Figure 11 . However, there are three distinct regions in these curves where the concentrations of As changed significantly in the absence of O 2 and CO 2 . Region 1 (R1) is located in the acidic region at pH less than 4, region 2 (R2) is found in between pH 4 -8 and region 3 (R3) is in the alkaline region at pH greater than 8.
Effects of pH on arsenic and lead leaching under anoxic conditions
Concentrations of SO
In R1 and R3, the amount of As released from the altered sedimentary rock decreased under anoxic conditions while in R2, the concentration of As in the leachate increased. The effect of anoxic conditions on the concentration of Fe was only observed at pH < 4 ( Figure 12(a) Table 13 show that the equilibrium constants (K) of Fe-oxyhydroxides/oxides precipitation reactions with a more inert gas (N 2 ) are lower in comparison to similar reactions with O 2 , which indicates that the extent of Fe-oxyhydroxides/oxides precipitation is minimized under anoxic conditions. Concentrations of Fe from the simulations were ca. 1 -3 orders of magnitude higher than the experimental results, which could be attributed to the different chemical forms/species of Fe critical to its precipitation that were not included in the model.
For the altered volcanic rock, measured Ca 2+ , Fe and SO 4 2concentrations were successfully simulated using a pyrite-gypsum-melanterite system (Table 15 ). However, the simulated pH was ca.
1.2 pH units higher than the measured values, which is probably due to sulfuric acid produced by the atmospheric/partial oxidation of pyrite in the rock that is neglected in the simulation. The Both O 2 and CO 2 have strong effects on an ideal calcite-pyrite-gypsum-melanterite system as shown in Table 16 . The pH of the leachate tends to decrease as the simulated system approaches oxic conditions, which is similar to the trends of the measured results (sample SR1). Similar trends were also observed in the Ca 2+ and SO 4 2concentration results of both simulation and experiment.
These gases also strongly influenced the pH of an ideal pyrite-gypsum-melanterite system as shown
in Table 17 . The pH dramatically decreased from 6 under anoxic condition to 4 at oxic conditions. This trend was also observed in the measured results (sample VR4), but the magnitude of the decrease was substantially lower. In contrast, concentrations of Ca 2+ and SO 4 2were not affected by O 2 and CO 2 in both the simulated and measured results.
Discussion
Arsenic and lead in hydrothermally altered rocks
The partly altered sedimentary rock sample in this study had both altered and unaltered zones with each zone containing pyrite grains. In the unaltered zone, the shell bounding the pyrite crystals was mostly composed of calcite and was located away from the fractured zone (Figures 1 and 2 ).
Because this shell was still intact and the minerals surrounding it were markedly different from those in the altered zone, pyrite grains inside the shell were most likely formed during the sedimentation process with pyrite probably replacing the foraminifer and not due to hydrothermal alteration. In contrast, alteration probably occurred around the fractured area resulting in the formation of pyrite, illite, and smectite. Sedimentary rocks usually have layered structures that will cause variations of their mineral composition. However, this layered structure was not apparent in can be an alteration product of smectite during hydrothermal annealing according to this sequence (Alt and Jiang, 1991; Kisch, 1983; Srodon and Eberl, 1984) :
Smectite random Illite/Smectite ordered Illite/Smectite Illite This type of alteration where clay minerals (e.g., illite and smectite) replace plagioclase is termed argillic alteration. Argillic alteration is characterized by the formation of clay minerals due to intense H + metasomatism and acid or base leaching at temperatures between 100 and 300 0 C (Pirajno, 2009 ).
On the other hand, the volcanic rock samples most likely underwent phyllic/sericitic alteration that resulted in the formation of illite and pyrite in partly altered grains of plagioclase (Figure 4 (a) ).
Phyllic/sericitic alteration is one of the most common types of hydrothermal alteration and is essentially due to the destabilization of feldspars in the presence of H + , OH -, K, and S to form quartz, illite and pyrite, and simultaneously leaching out Na, Mg, and Fe in the process (Pirajno, 2009 ). The original rock (i.e., the precursor rock) in Figure 4 (a) is probably porphyritic based on the large plagioclase grains within the rock matrix.
The As content of pyrite formed under hydrothermal conditions was in the wt% values while those formed during sedimentation were surprisingly below the detection limit of the EPMA (Table   4 ). These results suggest that As-rich solutions like hydrothermal fluids when present during pyrite formation would facilitate As incorporation into pyrite. This interpretation is consistent with the reports of other authors who also emphasized the importance of an As-rich solution in the formation of arsenian pyrite in both hydrothermal systems and sedimentary deposits (Bostick and Fendorf, 2003; Kirk et al., 2004; Lowers et al., 2007; O'Day et al., 2004; Savage et al., 2000) . Also, the relative abundance and variability of As incorporation into pyrite was higher than Pb. Arsenic was measured in almost all of the pyrite grains regardless of rock type while Pb was only measured in pyrite crystals found in altered volcanic rocks (Tables 4 and 5 ). This relatively higher abundance of As in pyrite suggests that it is preferentially incorporated into pyrite in comparison to Pb.
According to Huston et al. (1995) , the incorporation of Pb into pyrite, like Cu and Zn, is most likely through the inclusion of other sulfide minerals containing these elements (e.g., galena, chalcopyrite and sphalerite) and not directly into the crystal lattice. In contrast, As, with its smaller atomic size and similar properties to S, could be incorporated directly into the pyrite lattice most probably as nonstoichiometric substitutions or as a metastable Fe(As,S) 2 solid solution (Fleet et al., 1989; Huston et al., 1995) .
The altered volcanic and sedimentary rock samples used in this study underwent different types of alteration as discussed above, but the enrichment of the rock with As and Pb preferentially occurred in and around precipitated pyrite grains and not on the silicate and/or aluminate mineral matrix of the rock (Figure 5 ; Tables 4 and 5 ). These results suggest that pyrite is one of the primary sources of As and Pb in hydrothermally altered rocks regardless of the type of alteration, and this mineral would therefore strongly influence the mobilization of both elements when these rocks are exposed to the environment.
Soluble arsenic and lead-bearing phases, calcite dissolution and pyrite oxidation
Pyrite is one of the primary sources of As and Pb in hydrothermally altered rocks. However, altered rocks have complex chemical and mineralogical compositions, which mean that other constituent minerals could have significant effects on the mobilities of the toxic elements in these systems.
Minerals of particular importance include those that have strong acid/base buffering capacities like calcite and pyrite because of the highly pH-dependent leaching behavior of As and Pb from these rocks (Tabelin and Igarashi, 2009; Tabelin et al., 2010 , Tabelin et al., 2012a . The altered volcanic and sedimentary rocks used in this study had acidic and alkaline pH values when in contact with 20 water, respectively, which could be attributed to the relative abundance of pyrite and calcite in the rock samples (Tables 3, 6 , 14 and 15). The acidic pH of leachates from the altered volcanic rock samples indicates that pyrite oxidation is dominant and these rocks have very low acid buffering capacities (Tables 6 and 15 ). Pyrite oxidation generates acidity according to the following reaction:
On the other hand, the alkaline pH characteristic of the altered sedimentary rock samples was mainly due to calcite. The pH of a system controlled by carbonate minerals, such as calcite, will depend on whether the rock-water system is "open" or "closed" with respect to atmospheric CO 2 . A system open to CO 2 generally has a lower pH between 7.0 and 8.3 while a closed system has a higher pH usually in the range of 7.6 -10.1 (Appelo and Postma, 2005). The alkaline leachate pH of the altered sedimentary rocks also indicates that the strong buffering effect of calcite was more than sufficient in neutralizing the acidity produced by the oxidation of pyrite (Tables 8 and 14 ).
It was observed that leachate of samples taken from the bulk excavated rock had higher concentrations of Fe and SO 4 2compared to those of the borehole cores (Table 6 ). The increase is particularly evident in the leachates of altered volcanic rocks where the concentrations of Fe and SO 4 2from the bulk excavated rock were more than ten times higher than those in the borehole cores. These could be attributed to the atmospheric/partial oxidation of the bulk rock during excavation, transport and storage prior to sampling, which induced the formation of more soluble secondary phases especially on the surfaces of exposed pyrite grains. Pyrite oxidation starts rapidly upon exposure to the atmosphere, commencing with the oxidation of S 2species (Schaufuss et al., 1998) . Oxidation is further enhanced in the presence of water or moisture that could strip reaction products on the pyrite surface exposing "fresh" sites for further oxidation. Atmospheric pyrite oxidation leads to the formation of Fe-sulfates, Fe oxyhydroxides/oxides, which are soluble especially under acidic conditions (De Donato et al., 1993; Schaufuss et al., 1998; Todd et al., 2003) . Dissolution of these soluble products of atmospheric/partial oxidation of pyrite enhanced the mobility of Pb but not As (Table 8 ). These differences could be attributed to the strong adsorption of As onto Fe-oxyhydroxides/oxides, which were also formed as a consequence of pyrite oxidation (Cornelis et al., 2008; Dousova et al., 2003; Dzombak and Morel, 1990; Gosh and Teoh, 1985; Lin and Puls, 2000; Wang and Mulligan, 2006) . In contrast, Pb precipitation or adsorption onto Feoxyhydroxides/oxides was minimal especially in the acidic region, which could explain its substantial increase in the leachate of the bulk rock (Tables 8 and 11 ). Regardless of these seemingly opposing trends, majority of the As and Pb leached out from both volcanic and sedimentary altered rocks were supplied by the dissolution of these soluble Ca and Fe-sulfates under conditions close to equilibrium and without pH adjustment (Tables 6, 14 and 15 ). However, it should be noted that the contribution of these soluble phases to the As and Pb load of the leachate would precipitously decrease with time especially when the leachant (i.e., water) is constantly renewed/transported (Tabelin et al., 2012a, b) .
Mechanisms controlling the mobilities of arsenic and lead under anoxic conditions
Gaseous O 2 and CO 2 strongly influenced the pH of the altered rock-water system and can therefore affect the mobilities of As and Pb. Increasing the CO 2 decreased the leachate pH and increased the dissolution of calcite in altered sedimentary rocks, but did not have any significant effect on the concentration of As in the leachate (Tables 10, 16 and 17). These results in conjunction with the low As content of calcite (Table 3) indicate that calcite found in the altered sedimentary rocks used in this study is not one of the primary sources of As. However, this might not be true for other hydrothermally altered rocks as noted by Horton et al. (2001) . These authors reported that although most of the calcite samples that they analyzed had low As contents, those located in fault zones in direct contact with the hydrothermal fluid were rich in As (mean As content = 81.2 ppm). The absence of O 2 significantly decreased the concentration of As in the leachate of the altered sedimentary rock even if the pH was higher. Similarly, the absence of O 2 in the altered volcanic rock sample dramatically decreased the leaching of As without any dramatic changes on the pH.
These results were consistent with the SO 4 2concentration decrease without O 2 , which indicates that pyrite oxidation decreased in both types of rocks under anoxic conditions resulting in lower As concentrations in the leachate. These identical results observed in the two types of altered rocks suggest that pyrite oxidation and related oxidants (e.g., O 2 ) are important in the mobilization of As from these sources (Tables 9 and 10) .
Although O 2 is an essential oxidant of pyrite as explained by Equation 1, the extent of its effect on pyrite oxidation was pH dependent (Figures 9 and 10 ). In the altered volcanic rock samples, removal of O 2 had a significant effect on the amount of SO 4 2released especially in the alkaline region ( Figure 10 ). This decrease in SO 4 2concentration under anoxic-alkaline conditions occurred together with that of As, which implies that the mobilization of As decreases under anoxic conditions because pyrite oxidation is minimized ( Figure 10) . In contrast, the effect of O 2 on As and SO 4 2concentrations were minimal in the acidic and circumneutral pH. These results have two important implications. First, the effects of O 2 on pyrite oxidation under acidic and circumneutral pH is minimal. Second, a more powerful oxidant, probably Fe 3+ ions, is available in these pH regions that overshadowed the effects of O 2 on pyrite oxidation. Ferric ion (Fe 3+ ) and O 2 are two of the most important oxidants of pyrite (Holmes and Crundwell, 2000; McKibben and Barnes, 1986; Moses et al., 1987; Moses and Herman, 1991; Nicholson et al., 1988) . Furthermore, O 2 is important in the cycling of Fe 3+ ions as explained by the following chemical reactions: When these two oxidants are present in a system, Fe 3+ is more powerful than O 2 (Moses et al., 1987) . Aside from functioning as a direct oxidant of pyrite, O 2 has the additional role of oxidizing Fe 2+ ions to Fe 3+ ions as shown in Equation 3. However, Equation 3, which is known as the rate determining step of pyrite oxidation, is relatively slow in comparison to Equations 1 and 2 (Singer and Stumm, 1970) . This means that both the direct (as oxidant of pyrite) and indirect (as oxidant of Fe 2+ ) effects of O 2 on pyrite oxidation are minimal in the acidic and circumneutral pH regions consistent with our results. Towards the alkaline region, the rate of Equation 3 increases dramatically as the pH increases, but under these conditions Fe 3+ is also easily precipitated (Evangelou, 1995) . Regardless of these very low concentrations of Fe 3+ in the alkaline region, it is still an important oxidant of pyrite as reported by Moses et al. (1987) . In addition, O 2 becomes more important to replenish the diminishing Fe 3+ through Fe 3+ /Fe 2+ recycling under alkaline conditions because of the very low concentrations of Fe 3+ (Moses et al., 1987) . Therefore, our results illustrating the importance of O 2 in pyrite oxidation especially under alkaline conditions is consistent with these previously published works.
Similarly, the decrease in pyrite oxidation minimized Pb release from the altered volcanic rock under alkaline-anoxic conditions. In addition, the absence of O 2 increased the concentration of Pb in the leachate between pH 4 -6 ( Figure 9(b) ). This Pb concentration increase coincided with the increase of Fe concentration in the leachate in the absence of O 2 (Figure 10(a) ). Ferric hydroxide starts to precipitate at pH 3.5 while Fe 2+ ions start to form oxyhydroxides/oxides at pH 4 depending on the Eh of the system. The results of PHREEQC also showed that Pb is present between pH 4 -6
as Pb 2+ ion and not as sulfate, oxide or hydroxide under both oxic and anoxic conditions. Thus, the observed increase in Pb concentration in the absence of O 2 in conjunction with Fe is probably due to the decrease in co-precipitation and/or adsorption of Pb onto Fe oxyhydroxides/oxides precipitates (Table 13 ).
In the altered sedimentary rock samples, the leaching behavior of As as a function of pH changed in three distinct regions under anoxic conditions (Figure 11 ). In the first region (pH < 4), the concentration of As in the leachate decreased in conjunction with the decrease of Fe and Ca 2+ concentrations. These results indicate that the mobilization of As at acidic pH (< 4) from altered sedimentary rocks is controlled by the dissolution of Fe and Ca-bearing minerals containing As under both oxic and anoxic conditions. The next region (pH 4 -8) illustrates an increase in the concentration of As in the absence of O 2 , which could be attributed to the reduced precipitation of Fe-oxyhydroxides/oxides that are important scavengers of As especially in these pH range (Tables   12 and 13 ). In the third region (pH >8), the concentration of As in the leachate decreased because of the retardation of pyrite oxidation similar to that observed in the altered volcanic rocks rich in pyrite.
Although the altered sedimentary rock samples contain only trace amounts of pyrite, the decrease of SO 4 2concentration at pH greater than 8 in the absence of O 2 was substantial, which supports our interpretation of pyrite oxidation reduction. These results suggest that pyrite oxidation is an important As release mechanism in hydrothermally altered rocks even if they only contain trace amounts of pyrite.
Conceptualized models of the release mechanisms of As and Pb from altered rocks are illustrated in Figures 13 and 14 involved in more rapid electron transfer at the pyrite surface (Evangelou, 1995) .
Engineering implications
This study identified the roles of calcite and pyrite in the enrichment and leaching behaviors of As and Pb in excavated altered rocks. Pyrite is an important source of As and Pb in altered rocks and could directly influence the pH of the rock when in contact with water. On the other hand, the role of calcite in pH control was more important than as a source of As and Pb in our samples, but this may not apply to other hydrothermally altered rock deposits containing calcite. None the less, pH of the altered rock when in contact with water is dependent on the abundance of these two minerals relative to each other. When altered rocks contain significant amounts of pyrite but the calcite content is negligible, the pH is acidic. On the other hand, the pH would be alkaline when calcite is substantial in the rock even with trace amounts of pyrite. Thus, it is possible to categorize excavated hydrothermally altered rocks into pyritic/acidic or calcareous/alkaline rocks, depending on whether they contain significant sulfide minerals (e.g., pyrite) or carbonate minerals (e.g., calcite) and their pH in water. With this simple classification based on the mineralogy and pH of the excavated altered rocks, countermeasures for their disposal can be created separately through the enhancement or retardation of the main mechanism/s that control the mobilities of As and Pb. Moreover, pyritic rocks should be disposed of immediately after excavation to prevent the partial oxidation of pyrite and the formation of soluble minerals that could lower the pH and enhance the mobilization of heavy metals like Pb. If this is not possible, the interim storage sites of these excavated rocks must be covered to minimize their exposure to moisture and rain. Our results also indicate that the best way to immobilize As and Pb is through the enhancement of adsorption and precipitation processes, respectively and these processes must be incorporated into the design of the alternative disposal method. Finally, because the mobilization mechanisms of As and Pb are strongly pH-dependent but do not dramatically change under oxic and anoxic conditions, pH of the altered rock-water system must be closely controlled during the actual disposal of the rock.
Conclusions
Hydrothermally altered rocks contain elevated amounts of As and Pb that are easily mobilized under various conditions encountered in the environment. Enrichment of these rocks with As and Pb predominantly occurred within and around precipitated pyrite crystals and not on the surrounding alumino-silicate minerals. However, the As and Pb contents of pyrite formed in these altered rocks varied depending on the inherent physical and chemical properties of the hydrothermal solution that caused the alteration. Dissolution of soluble Ca and Fe-phases, which are mostly products of the atmospheric/partial oxidation of pyrite, is the dominant leaching mechanism of As and Pb. However, changes in the pH of the rock-water system could increase the contributions of the other mechanisms like pyrite oxidation, adsorption/desorption and precipitation/co-precipitation reactions to the equilibrium concentration of As and Pb in the leachate. The leaching behaviors of As and Pb were both pH dependent with or without O 2 and CO 2 . The absence of O 2 also minimized 27 the mobilization of As and Pb especially in the alkaline region because pyrite oxidation was retarded but not in the acidic and circumneutral pH. The pH and the leaching behaviors of As and Pb also depended on the relative abundance of pyrite and calcite in the rock. Thus, the classification scheme outlined in this paper using pyrite and calcite as "indicators" could be used to group together excavated rocks with complex mineral properties and from different locations. Moreover, the mechanisms of As and Pb release from altered rocks could be predicted based on the relative abundance of pyrite and calcite as well as the pH of the altered rock when in contact with water.
FIGURE CAPTIONS
FIGURE 1
Photomicrographs taken with open (a) and crossed (b) Nicols showing the minerals present around and away from the zone of alteration in sample SR3 (altered sedimentary rock).
FIGURE 2
Photomicrographs taken with open Nicols (reflected light) showing the minerals present in the unaltered zone of sample SR3 (altered sedimentary rock).
FIGURE 3
Photomicrographs taken with open Nicols (polarized light) (a) and SEM (b) showing the minerals present in the zone of alteration and the morphology of pyrite in sample SR3 (altered sedimentary rock).
FIGURE 4
Photomicrographs taken with open Nicol (polarized light) (a) and SEM (b) showing the minerals present in the altered volcanic rock samples and the morphology of pyrite.
FIGURE 5
The elemental maps of Fe (a), S (b), As (c), Si (d), and Al (e) from the altered volcanic rock at a magnification of 40 µm modified with permission from the Journal of the Mining and Materials Processing Institute of Japan (Imagawa et al., 2007) .
FIGURE 6
As concentrations in the leachate as a function of pH under oxic conditions: altered volcanic rocks (a) and altered sedimentary rocks (b).
FIGURE 7
SO 4 2concentrations in the leachate as a function of pH under oxic conditions: altered volcanic rocks (a) and altered sedimentary rocks (b).
FIGURE 8
Pb concentrations in the leachate of the altered volcanic rock samples as a function of pH under oxic conditions.
FIGURE 9
As and Pb concentrations in the leachate of altered volcanic rocks under anoxic conditions: As concentration as a function of pH (a) and Pb concentration as a function of pH (b). (mol/L) altered volcanic rock (VR4) -2.85 5.7 x 10 -5 8.5 x 10 -3 9.0 x 10 -3 pyrite only 10 3.83 -7.4 x 10 -5 1.5 x 10 -4 pyrite : gypsum 10 : 6 x 10 -5 3.84 5.8 x 10 -5 7.4 x 10 -5 2.1 x 10 -5 pyrite : gypsum : melanterite 10 : 6 x 10 -5 : 1.25 x 10 -2 4.05 4.1 x 10 -5 9.0 x 10 -3 9.0 x 10 -3 Table 16 . Simulated pH concentrations of Ca 2+ and SO 4 2in a calcite-pyrite-gypsummelanterite system under equilibrium conditions, and measured values from sample SR1
Parameters
Simulated Measured Anoxic -oxic Anoxic -oxic P O2 10 -34 10 -1.36 10 -0.68 -P CO2 10 -175 10 -7.0 10 -3.5 -pH 9.23 9.15 8.83 9.01 -8.79 Ca 2+ (mol/L) 5.2 x 10 -4 5.4 x 10 -4 6.3 x 10 -4 4.6 x 10 -4 -5.7 x 10 -4 SO 4 2-(mol/L) 6.8 x 10 -4 7.1 x 10 -4 8.1 x 10 -4 7.1 x 10 -4 -8.1 x 10 -4 Table 17 . Simulated pH and concentrations of Ca 2+ and SO 4 2in a pyrite-gypsummelanterite system under equilibrium conditions, and measured values from sample VR4
Simulated Measured Anoxic -oxic Anoxic -oxic P O2 10 -34 10 -1.36 10 -0.68 -P CO2 10 -175 10 -7.0 10 -3.5 -pH 6 4.7 4.05 3.03 -2.85 Ca 2+ (mol/L) 4.1 x 10 -5 4.1 x 10 -5 4.1 x 10 -5 5.7 x 10 -5 -5.2 x 10 -4 SO 4 2-(mol/L) 9.0 x 10 -2 9.0 x 10 -3 9.0 x 10 -3 9.0 x 10 -3 -9.0 x 10 -3
